Abstract-A line-by-line addressing technique that is based on wavelets is proposed to obtain gray shades in root-mean-square responding matrix displays. A large number of gray shades can be displayed with a smaller number of voltages (simple drivers) as compared with amplitude modulation and a smaller number of time intervals as compared with the frame modulation. The technique is demonstrated by displaying 128 gray shades in a liquid crystal display.
I. INTRODUCTION
A MPLITUDE modulation [1] was the first technique that attempted to display a large number of gray shades. Hardware complexity of the data drivers is high for this technique because voltages are necessary in the data waveforms to display gray shades. Hardware complexity will be less if analog sample-and-hold type drivers are used instead of the digital drivers, but the power consumption will be high. Pulse height modulation [2] for displaying gray shades is similar to the amplitude modulation and, hence, has the same merits and demerits as the amplitude modulation. The successive approximation techniques [3] can display a large number of gray shades with the same drivers as that of bi-level displays with pixels driven to either ON or OFF states. Hardware complexity of the modified voltage-level generator and a few analog multiplexers that are necessary to achieve gray shades in a bi-level display is not significant as compared with the hardware complexity of the drivers that is necessary to display large number of gray shades with amplitude modulation. Supply voltage of the successive approximation technique increases with the number of gray shades. Wavelets for driving (matrix-addressing) liquid crystal displays (LCDs) was demonstrated [4] recently. Wavelets can be used to reduce the supply voltage and hardware complexity of the drivers [5] , [6] in rms responding displays, especially when the number of gray shades is large. All of these addressing techniques are based on selecting several address lines simultaneously while scanning the matrix displays. Our objective is to show that the simple line-by-line addressing can be used to display a large number of gray shades without much of an increase in the hardware complexity of the drivers and without much of an increase in the supply voltage. A line-by-line addressing that is based on using wavelets is proposed in this paper. Effective utilization of wavelets is illustrated with an example: displaying 128 gray shades in a passive matrix LCD using the Haar wavelets. Select waveform profiles and the orthogonal matrices for displaying 32 and 64 gray shades are also discussed in this paper.
II. BACKGROUND AND APPROACH TO THE PROBLEM
LCD is a slow responding device and its electrooptic response does not follow the abrupt changes in the electric field across the pixels. The state of a pixel is determined by the energy delivered to it as long as the period of the addressing waveforms is less as compared with the response times of the display (rms response). Hence, gray shades can be displayed by modulating the energy delivered to the pixels with a set of orthogonal wavelets. For example, the seven Haar wavelets (that are used in our prototype) for displaying 128 gray shades are shown in the following equations:
These wavelets satisfy the following conditions. 1) Energy of the wavelet is proportional to an integer power of two, so that its energy corresponds to one of the gray shade bit. 2) DC free wavelets are used to ensure long life of the display; life of the LCD is reduced if dc voltages are present across the pixels. Each one of these wavelets may be used to select an address line and deliver a quantum of energy that is proportional to one bit of the gray shade, and this process could be repeated sequentially to exhaust all of the bits. Then, the number of time intervals is large ( to display 128 gray shades) even though it is smaller than ( ) that of the frame modulation [7] and the pulsewidth modulation [8] . Suppressing the zeros in the wavelets can reduce the number of time intervals to . Even then, it is more than that of the wavelet-based addressing techniques that are based on selecting several address lines simultaneously [4] - [6] . The number of time intervals to complete a cycle is if these orthogonal wavelets are used for scanning the matrix display by selecting several (3 or 4) rows simultaneously for displaying 128 gray shades. Our aim is to display a large number of gray shades with line-by-line addressing and yet ensure that the number of time intervals does not exceed that of the multiline addressing. This goal has been achieved by selecting each row with a waveform profile that is obtained by adding all of the wavelets as proposed in Section II. Although the technique is illustrated with the Haar wavelets, other orthogonal wavelets can also be used.
III. TECHNIQUE
Consider a matrix display with address lines and data lines. Let the gray shade to be displayed in a pixel at the intersection of row "i" and column "j" be (8) Here, the index corresponds to the gray-shade bit (most significant to the least significant) of the "g"-bit data. Let be the wavelet that has energy proportional to , corresponding to the bit-of the gray-shade data. Let the row "i" of the matrix display be selected with the waveform that is proportional to the waveform that is obtained by adding the "g" wavelets. The expression for the select waveform is given as (9) where is the proportionality constant. Hence, the select voltages during the eight time intervals in our example are as follows:
and (10) The other address lines (nonselected) in the matrix display are held at ground potential. The column waveform that is to be applied to the column "j" is obtained by summing the products of the value assigned to the data bit and the corresponding wavelets as shown in (11). The value assigned to the bitis " 1" if the bit is "logic-0" and a value of " 1" is assigned to the bit otherwise:
where is the amplitude of the unit voltage that serves as the constant of proportionality in the column waveforms. Multiplication of the wavelets with 1 or 1' reduces to just assigning the appropriate sign to the wavelets and summing them. The column waveform can also be obtained by the matrix multiplication by arranging the seven wavelets of (1)- (7) in to a 7 8 matrix and multiplying its transpose with the data vector, as shown in (12) At a given instant of time, just one voltage is applied to the selected row, and it is obtained by summing the elements of a column in the matrix of wavelets in (12). The column signal that is proportional to the column voltage is obtained as the dot product of the data with the column of the matrix of orthogonal wavelets. A cycle is complete when all of the address lines in the matrix display are selected once. The display is refreshed fast enough by repeating this cycle to avoid flicker. Waveforms across the pixels will be dc-free as long as all the wavelets are dc-free. In case the orthogonal wavelets are not dc-free, then the dc-free condition can be achieved by reversing the polarity of both the scanning and data waveforms in a periodic manner. Select pulses may be clustered as illustrated in Fig. 1 or it could be distributed in several frames of a cycle. The order of the voltages in the select waveform profile may be changed as long as the one-to-one correspondence among the wavelets and data bits is maintained while computing the column (data) voltage. RMS voltage across the pixels will be same as long as the period of a cycle is less than the response time, but the frequency spectrum across the pixels will vary depending on the distribution of select pulses in a cycle. Hence, it can be used to enhance the performance of the display, like brightness uniformity of pixels or reducing power dissipatio. The select voltages may also be distributed in to several frames to achieve such improvements. Typical waveform profiles for selecting the address lines when the number of gray shades ranges from 32 to 128 are shown in Table I . The corresponding matrices of orthogonal wavelets and the number of voltages in the scanning (row) and the data (column) waveforms are also shown in this table. An analysis of the technique is presented in Section IV.
IV. ANALYSIS Energy delivered to a pixel that is located at the intersection of row-i and column-j during a frame when select and data waveforms are applied to the matrix display is given by 
Hence, the energy delivered to a pixel simplifies to the following expression:
The rms voltage across a pixel is shown as
Here, is the number of columns in the orthogonal matrix of wavelets. The sign of the mid term in (18) is determined by the "bit-" of the data. RMS voltage across an ON (all the bits are "logic-1" and they are assigned " 1") and OFF (all of the bits are assigned 1 for "logic-0") pixels is given in the following equations:
The selection ratio, defined as the ratio of rms voltage across ON pixels to that across OFF pixels, is maximum when the following condition is satisfied:
The expressions for the rms voltage across the ON and OFF pixels get simplified to (22) (23) Contrast in the display will be a maximum when OFF pixels are applied a voltage that is near the threshold voltage of the display. Hence, the unit voltage in the column waveform is determined by equating to the threshold voltage of the electrooptic characteristics of an LCD as follows: (24) Supply voltage of the drive electronics is determined by the maximum swing in the addressing waveforms. Let be the peak-to-peak amplitude of the row waveforms, and then the supply voltage of the addressing technique (normalized to the threshold voltage of the electrooptic characteristics of the LCD) is (25) (26) Supply voltage of the successive approximation technique [3] that is also based on the line-by-line addressing (SA-APT) is given as follows:
(27) Supply voltages of these two techniques are compared using the following ratio:
(28)
V. REDUCING THE SUPPLY VOLTAGE
A technique, similar to that proposed by Kawakami et al. [9] to reduce the supply voltage of the conventional line-by-line addressing can be adopted to reduce the supply voltage of the drive electronics. Let us consider the example of the waveforms for displaying 128 gray shades. The voltages in the select waveform starting from the first to the eighth time intervals in order (a profile that is slightly different from that of (10) The number of voltages in the scanning waveform increases from 7 to 9 (or 10) as compared with 3 (or 4) in the conventional line-by-line addressing. The nonselect voltages when the common rail is the most negative voltage are , , and
. Similarly, the nonselect voltages when the most positive voltage is the common rail are , and . It is important to note that the number of voltages in the data waveforms does not change where as it doubles (from two to four voltages) in the conventional addressing technique. Supply voltage will be proportional to as compared with . The percentage reduction in supply voltage due to modification in the addressing waveforms is (44) Typical waveforms when the row and column waveforms that are shifted to reduce the supply voltage of the driver circuit is shown in Fig. 2 .
The modification of the addressing waveforms is not unique; the shift in the addressing waveforms has to be such that the difference among these voltages is equal to the maximum voltage across the pixels. For example, it is sufficient to ensure that all of the voltages in the scanning and data waveforms lie with in the voltage range of , which is the maximum voltage across the pixel during a cycle. Supply voltages of the wavelet-based line-by-line addressing with modified waveforms and the successive approximation technique based on the line-line-addressing with modified waveforms are also compared in Table II. VI. DRIVE ELECTRONICS A block diagram of the prototype is shown Fig. 3 . Voltages in the addressing waveforms are generated using a resistor network. The number of voltages in the addressing waveform decides the hardware complexity of the drivers. The number of voltages in the scanning waveform ranges from 6 to 11 as the number of gray shades is increased from 8 to 128. However, at a given instant of time, just two voltages viz., select and nonselect voltages are necessary for scanning the matrix display. Hence, the hardware complexity is the same as that of the conventional line-by-line addressing for displaying bi-level images. LCD drivers like the HD-44100 can be used along with a few multiplexers to select and route the appropriate voltages from the voltage-level generator. The number of voltages in the data waveforms is at least 21 for displaying 128 gray shades, as shown in Table I . It demands a display driver having 5-bit shift register, 5-bit latch, and an analog multiplexer (21:1) for each output. The number of voltages is limited to just eight at any instant of time, and a good reduction in hardware complexity of the driver can be achieved when this observation is incorporated in the design. LCD drivers with 3-bit shift register, 3-bit latch, and analog multiplexers (8:1) for each output are adequate as data drivers (for example, TMS57206). Hence, a 40% reduction in shift register and latches and 58% reduction in the analog switches in the multiplexers are achieved. The number of stages in the column driver is equal to the number of columns and hence this reduction is substantial. The reduction is about 62% for the shift registers and latches 96% for the analog switches of the output stage of the drivers if the technique is compared with amplitude modulation for the same number of gray shades. Although the column voltages are computed as the dot product of the select pattern and the corresponding data vectors, it is not necessary to compute them on the fly; they can be computed once and they can be incorporated in to the voltage level generator. Analog multiplexers in the driver circuit are used to apply these voltages depending on the select voltage and the data. The controller is designed to select one row at a time with all the eight row select voltages. During each select voltage, the voltages corresponding to the data of the pixels are applied on the column side. The pixel values (data) are stored in an EPROM in continuous memory locations as a one-dimensional array. The addresses corresponding to the data of the pixels in the selected row are generated repeatedly for all the select voltages (once per each select voltage). Similarly, all the other rows are selected one at a time and the display is refreshed continuously. The controller was implemented using a CPLD (complex programmable logic device). A photograph of the prototype is shown in Fig. 4 . Typical row and column (data) waveforms are shown in Fig. 5 . A typical waveform across a pixel is shown in Fig. 6 .
VII. COMPARISON Amplitude modulation [1] and the very similar pulse-height modulation [2] can display 128 gray shades in ( ) time intervals with 254 voltages in the column (data) waveforms and three voltages in the scanning waveforms. It may be more appropriate to compare the wavelet-based technique with the successive approximation technique [3] since both techniques are based on delivering energies that are proportional to the bit-weight of the gray-shade data in several time intervals. A comparison of the wavelet-based technique with amplitude modulation and successive approximation based on line-by-line addressing is given in Table III .
VIII. CONCLUSION
The number of time intervals to complete a cycle is less in the wavelet-based technique as compared to the successive approximation technique when all other parameters are equal. Slow scanning is helpful to reduce the power consumption [10] . The brightness nonuniformity of pixels due to distortion in the addressing waveforms will also be less because the select time is larger when the number of time intervals is small. A lower supply voltage of the wavelet-based technique is advantageous in portable devices. It has been achieved with out increasing the hardware complexity of the row drivers and a moderate increase in hardware complexity of the column drivers. Increasing the number of voltages in the column waveform by a factor of four has paved way to an increase in number of gray shades by factor 64; when wavelet-based addressing is used for scanning the matrix LCD.
